The motivation for this work is to introduce a novel method of compressing laser pulses to femtosecond duration using tenuous plasma as the nonlinear medium for parametric conversion of the energy of a long higher-frequency laser beam into the energy of a short lower-frequency laser pulse. The standard approach to generating high-intensity ultra-short laser pulses is Chirped Pulse Amplification [1] (CPA), in which a laser pulse is stretched, amplified, and re-compressed. CPA-based optical systems have been shown to generate sub-picosecond petawatt laser pulses [2, 3] with up to 500 J per pulse. The pulse energy is limited by the thermal damage to the compression gratings which become large and expensive for kJ pulses. Possible route to increasing peak intensity is to decrease pulse duration, which can be achieved by using broad bandwidth parametric amplifiers [4] . This does not, however, ease the energy restriction.
In this talk I introduce a novel approach to pulse compression which does not require pulse stretching/compression. We demonstrate how an ultra-short pulse can be amplified by several orders of magnitude by colliding with a long counter-propagating pumping laser in the plasma [5, 6] . The main advantage of using the plasma medium for amplification is that there is no thermal damage threshold -fresh plasma can be used for each shot. The counter-propagating geometry is chosen for two reasons. First, it enables the short pulse to sweep through the entire pump absorbing most of its energy and integrating over all the inhomogeneities and imperfections of the pumping signal.
Second, the cold electron plasma exhibits remarkable properties as a parametric medium: its χ 3 coefficient has a very strong dependence on the wavenumber difference ∆k between the two interacting laser pulses. In particular, for counter and co-propagating lasers (↑↓ and ↑↑, respectively) the ratio of the χ 3 coefficients is χ 3 [7] , where ω 0 and ω 1 are the frequencies of the amplified signal and the pump, ω p = (4πe 2 n 0 /m) 1/2 is the plasma frequency, n 0 , −e, and m are the plasma density, electron charge, and mass, respectively. In a tenuos plasma this ratio can be several hundred. This distinguishes parametric amplification in cold electron plasma from that in gasses, liquids, and fibers. Therefore, a short pulse can be rapidly amplified by backscattering a counter-propagating pump without suffering from forward-propagating instabilities (such as Raman forward scattering and filamentation) [6] . χ 3 of the electron plasma can be understood as follows: electron density perturbation is ponderomotively driven by the periodic intensity pattern produced by the interference between the pumping beam (PB) and the amplified beam (AB). This density perturbation then serves as a grating which scatters the pump.
We suggest two regimes of pulse compression in plasma. In the first (Compton) regime a finite-amplitude ultra-short pulse of duration τ L ∼ 2ω −1 p is injected. Accessing this regime requires a sufficiently intense initial pulse: 4ω
, where a 0,1 = eA 0,1 /mc 2 are the normalized vector potentials of the AB and PB, respectively. When this condition is satisfied, electron motion is determined by the ponderomotive force and not by the space-charge electric field of the plasma wave. The resonance condition for the plasma wave excitation ∆ω = −ω p doesn't need to be satisfied precisely, making the amplification process robust to plasma inhomogeneity.
Numerical simulation of the pulse amplification in this regime using particle-in-cell (PIC) numerical code is shown in Fig. 1 , where the amplification of a short (initially τ L = 10fs) λ 0 = 1µm laser pulse is demonstrated as it propagates through 700µm of the plasma while interacting with a long counter-propagating pulse whose frequency is 3% higher. Simulation parameters are given in the caption. As Fig. 1 indicates, the short pulse intensity is amplified by a factor 60 while its duration shrinks to about 8 fs (see the inset). We demonstrated numerically that the efficiency of energy conversion from the long to short pulse can be quite high. In Fig. 2 a collision between a somewhat stronger short pulse with a 0 = 0.07 (I 0 = 1.3 × 10 16 W/cm 2 ) and the pump with a 1 = 0.025 (I 0 = 1.7 × 10 15 W/cm 2 ) is demonstrated. As Fig. 2(b) indicates, the pump is 40% depleted by the short pulse.
Superradiant amplification is a strongly nonlinear process. The dependence of the short pulse intensity and duration on the propagation distance z can be qualitatively estimated as Quadratic dependence of the short pulse intensity on the propagation distance (and, therefore, on the number of electrons N encountered by the pulse) gives this amplification process its name [8] . The dependence of τ L has a somewhat unusual scaling 1/ √ N . This is because the pulse narrowing is caused by the laser recoil and not by the pump depletion. In particular, the characteristic bounce frequency of a plasma electron inside the ponderomotive potential created by the interference of the pump and the pulse is given by ω B = 2ω 0 √ a 0 a 1 . In the Compton regime frequency replaces the Rabi frequency which, in atomic systems, scales ∼ a 0 . We've demonstrated [9] that in the absense of significant pump depletion pulse amplification is described by the self-similar solution which maintains ω B τ L ≈ π throughout the amplification process.
Unlike the Compton regime, where the dominant nonlinear mechanism is particle trapping by the ponderomotive potential, in the Raman regime the motion of the plasma electrons remains linear, and the dominant nonlinearity is the pump depletion. This regime is described by the standard set of equations for three-wave interaction. Frequency detuning between the pump and the pulse has to be precisely equal to the plasma frequency: ω 1 −ω 0 = ω p , imposing stringent requirements on plasma homogeneity. The important figure of merit that separates the two regimes is the ratio of the pump amplitude a 1 to the critical a wb = 0.25(ω p /ω 0 ) 3/2 : for a 1 > a wb plasma wave breaks before the pump is depleted, and Compton regime is accessed. In the opposite low-intensity limit of a 1 < a wb three-wave (Raman) description is appropriate.
Raman regime is characterized by the "Burnham-Chiao ringing" [10] : periodic energy exchange between the pulse and the pump due to the long-lived coherent plasma wave. We demonstrated numerically that this ringing can be suppressed by operating near the wavebreaking limit a 1 ≈ a wb . In this case the plasma wave breaks and thermalizes near the intensity maximum of the pulse. The suppression of the ringing in this regime is demonstrated in Fig. 3 : only 50% of the pump energy flows into the leading spike in the linear case, and about 80% in the nonlinear case.
